A new time-independent numerical method is used to determine the late-time electromagnetic pulse (EMP) resulting from a surface nuclear burst. Completely arbitrary source terms are employed and the non-linear dependence of the air chemistry and air conductivity parameters on the electric field strength is incorporated into the solutions. Comparisons are made with previous analytic expressions. In addition, a parametric study is presented.
INTRODUCTION
Longmire and Gilbert (Ref 1) developed an analytic model describing the EMP from a surface nuclear explosion for times in which the quasi-static approximation is valid. In this model, the radial electric fields are taken to be zero everywhere. For specific functional forms of the Compton current and the air conductivity, they find the following expression for the polar electric field: TAN 2 (1) where r is the radius from the burst (meters), 0 is the polar angle (degrees), X is the average gamma-ray mean free path (meters), Jr is the radial Compton current source (Amps/m2) and a is the air conductivity (mhos/m).
Subsequently, Grover found solutions for the quasistatic EMP with the less-limiting restriction that the radial electric fields vanish only on the earth's surface (Ref 2) . This approximation is valid for an infinitely conducting earth and is a good approximation when the ground conductivity greatly exceeds the air conductivity. Grover also uses specific functional forms for the Compton current and the air conductivity. He then expands the scalar potential function in terms of Legendre polynomials and solves the resulting equations to find closed-form expressions for the electric fields.
The sources are assumed to be independent of the polar angle in both Ref 1 and 2. Furthermore, constant field-independent air chemistry and air conductivity parameters are employed throughout the solutions. The characteristics of the solutions in these two papers are summarized in Tables I and II. 
The electric field E can be defined in terms of the scalar potential 4547 where the A (r)'s are unknown functions of r to be determined, and the P(x)'s are the Legendre polynomials (x=COSO). Summation over odd Q's satisfies the boundary conditions on the electric fields; namely, that the radial component must be zero at e = 90 degrees for an infinite conductivity ground plane (assumed in this model), and the polar component must be zero at 0 = zero degrees because of azimuthal symmetry.
Substituting Equation (7) into Equation (6) and using the relationship in Equation 8, it follows that: This is the equation that must be solved to find the electric fields in the air.
Following Grover (Ref 2) , the scalar potential is expanded in polar coordinates in the form both sides of Equation (9) by from zero to one gives (after Using these results as a first estimate for the solution to the problem, Equation (11) is solved again; only now, the summation terms are included and the air chemistry parameters are allowed to vary according to the first estimate for the electric field. This iteration process is repeated until the fields converge to a specified tolerance at all range points and a preselected angle.
The Compton currents and ionization rates are found using analytic curve fits based on Monte Carlo calculations (Ref 6). Figure 1 gives an example of the radial current for a particular time and yield found using the fits. Shown for comparison in the figure is the approximate expression used in Ref 1 and 2 for the same physical conditions. where pV is the ion mobility (m2/V.sec), e is the electron charge (coulombs), S is the local ionization rate (i*p*/m3sec), and Y is the ion-ion recombination rate (m /sec). For the calculations in this work, the following were assumed: Figure 2 , a sizeable radial electric field is generated. The radial field is zero at 0 =90 degrees, and above the ground plane is a rapidly decreasing function of r, changing sign at ranges beyond which the conduction current exceeds the Compton current. Also shown in Figure 2 The ground conductivity is assumed to be infinite. This is a fairly good approximation for later times, and smaller yields; however, the assumption is not good for points close to the burst where the air conductivity is actually larger than that of the ground.
Furthermo.re, no attempt has been made to incorporate self-consistent effects between the generated fields and the source currents; although, in principle, this is possible to do within the iterative procedure described.
The fundamental assumption in this problem is the quasi-static approximation which requires that the displacement current be small in comparison with the conductionr current. This reduces approximately to the requirement that a/e>> 1 The approximation appears to be reasonable for the time range considered in this report.
PARAMETRIC STUDY
The final subject considered in this paper is a parametric study in which the effects of varying physical parameters were studied. Shown in Figure 7 is a plot of the total field versus time at five different ranges and 0 = 90 degrees. Because the radial electric field is zero on the ground plane, the total field is the same as the polar component. The two plateaus appear to agree quite well with the time regimes where either ground or air capture sources dominate. Figure 8 shows the yield dependence at 0 = 90 degrees. It is seen that the total field (i.e., E ) is nearly independent of the yield at 500 meters and falls off slightly for lower yields. For larger distances the total field is more dependent on the yield. This variation can be explained by considering the ratio of J/a. For short ranges this ratio is nearly independent of yield because electrons dominate the conductivity. At greater distances the conductivity is dominated by ions and the ratio is no longer yield independent. The last parameter considered was the effect of water vapor on the total field. In Figure 9 AFIT-GNE-83M-5, 1983.
degrees) CONCLUS IONS
The method presented in this paper provides an improved picture of the quasi-static EMP in comparison to earlier analytic models. It retains, however, the advantages of describing the surface burst EMP environment with much less computer time than needed for full time-dependent models (40-50 sec of CDC 6600 CPU time). The technique described here extends the previous work in the quasi-static regime by developing the capability to treat both spacially varying source terms and electric field dependent coefficients.
